We present an analysis of VI CCD time-series photometry of the globular cluster NGC 6171. The main goal is to determine individual physical parameters for single-mode RR Lyrae stars present in the field of view of our images, by means of light curve Fourier decomposition and well-established calibrations and zero-points. This leads to the estimation of the mean values of the metallicity and distance for the parental cluster. From the RRab stars we find [Fe/H] ZW = -1.33 ± 0.12 and a distance d = 5.3 ± 0.3 kpc and from the RRc stars we find [Fe/H] ZW = -1.02 ± 0.19 and a distance d = 5.3 ± 0.2 kpc. Independent methods, such as the P-L relations for RRab and SX Phe stars enable the estimation of a weighted average distance to the cluster of 5.4 ± 0.1 kpc. We confirm the amplitude modulations of the Blazhko type of five RRab and the non-membership of V21 to the cluster. The colour-magnitude diagram is consistent with an age of 11 Gyrs. The distribution of RRab and RRc stars seems well segregated around the first overtone red edge of the instability strip. This positions NGC 6171 among OoI type clusters where the pulsating modes are neatly separated in the HB. We report two new irregular variables of the Lb type.
Introduction
NGC 6171 (M107) is a very disperse globular cluster (apparent diameter ∼ 13 ) located in the constellation of Ophiuchus (α = 16 h 32 31.86 , δ = −13 • 03 13.6 , J2000), and very close to the Galactic bulge (l = 3.37
• , b = 23.01 • ). In the compilation of Harris (1996) (2010 edition) , the distance from the Sun and the reddening for the cluster are given as 6.4 kpc and E(B − V) = 0.33 respectively. The Catalog of Variable Stars in Globular Clusters (CVSGC; Clement et al. 2001; 2015 edition) lists 26 variables of which 23 are RR Lyrae, one Mira (V1), one Lb variable (V25) and one SX Phe (V26). Oosterhoff discovered the first 24 variable stars (Oosterhoff, 1938) while V25 was discovered by Lloyd Evans & Menzies (1973) and V26 by McCombs et al. (2012) . The cluster membership of the RR Lyrae stars in NGC 6171 was determined by Cudworth et al. (1992) .
The historical data available for this cluster spans 82 years which enabled Arellano Ferro et al. (2018) to perform an analysis of secular changes in the periods of the RR Lyrae stars present in the cluster. It was found that 82% of the sample had stable periods and significant period variations were found only in four stars, three of which had decreasing periods, and if interpreted as of evolutionary origin, it implies evolution towards the blue side of the Horizontal Branch
Corresponding author: dderas@astro.unam.mx (HB) . However, no further analysis of the light curves has ever been performed.
In the present paper, we report the analysis of time series photometry of NGC 6171 in the VI bands. We made use of Fourier decomposition of the RR Lyrae stars light curves to find individual values of [Fe/H] , distance, mass, effective temperature and radii and hence the average metallicity and distance to the parental cluster. We also briefly discuss the morphology of the Horizontal Branch and the age of the cluster. The paper is organised in the following way: in § 2 the observations and the transformation to the standard system are described; in § 3 we discuss the reddening of the cluster; in § 4 the Fourier light curve decomposition is performed and the physical parameters are presented, the Oosterhoff type and the period-amplitude diagram are discussed; in § 5 the distance to NGC 6171 derived from an assortment of methods is evaluated along with the implications of the adopted reddening; in § 6 the resulting iron abundance [Fe/H] is framed in the perspective of the numerous previous estimates; in § 7 the RR Lyrae distribution on the HB is highlighted along with overall consistency of the Colour-Magnitude Diagram (CMD) and the age of the cluster. Finally, in § 8 we summarise our conclusions. Fig. 1 Transformation equations in V and I filters between the instrumental and the standard photometric systems. These equations were calculated using a set of standard stars (N=79 for Hanle and N=73 for San Pedro Mártir) in the field of NGC 6171. The top panel corresponds to Hanle and the bottom panel to San Pedro Mártir observations.
using the 2m telescope of the Indian Astronomical Observatory (IAO) in Hanle, India on two epochs, each consisting of two consecutive nights. The first epoch spans the nights of June 26th-27th 2015, the second epoch spans the nights of May 18th-19th 2016. The detector used was a SITe002 CCD of 2048 × 2048 pixels with a scale of 0.296 arcsec/pix and a field of view (FoV) ≈ 10.1 arcmin 2 . The second set of data was obtained with the 0.84m Ritchey-Chrétien telescope of the San Pedro Mártir Observatory (SPM), México during 8 nights between June 28th to July 5th, 2017. The detector used was a 2048 × 2048 pixels ESOPO CCD (e2v CCD42-90) with 1.7 e − /ADU gain, a readout noise of 3.8e − , a 0.44361 arcsec/pix scale and a field of view ≈ 7.4 arcmin 2 , along with the Mexman filter wheel. The log of the observations is given in Table 1.
The observations described above were published in electronic format by Arellano Ferro et al. (2018) . In that paper only the V data of the RR Lyrae stars were employed to discuss the secular period variations. In the present paper we aim to calculate the physical parameters of RR Lyrae via the Fourier light curve decomposition and extend our analysis to the V and I bands for all variables present in the FoV of our images. In the following subsections we describe the transformation to the standard system.
Difference image analysis
We have employed Difference Imaging Analysis (DIA) technique with its pipeline implementation DanDIA (Bramich 2008; Bramich et al. 2013 ) to obtain highprecision photometry for all the point sources in the FoV of the CCD for the reduction of our data. DanDIA creates a reference image by stacking the best quality images in each filter and then it subtracts them from the rest of the images in the collection. Each star's differential flux is then determined by means of the PSF calculated by DanDIA from a large number of isolated stars in the FoV, allowing for spatial variation on the chip. This enabled to construct an instrumental light curve for each star in our FoV.
Transformation to the standard system
Having obtained the instrumental light curves, we have applied the methodology described by Bramich & Freudling (2012) to correct for possible systematic photometric errors which tend to be significant for the brightest stars. The method solves for magnitude offsets that should be applied to each photometric measurement from the given image. In our case these offsets were of the order of 5 mag in the bright end and negligible for fainter stars. The calibrated light curves of all the point sources in our FoV, were transformed to the Johnson-Kron-Cousins standard magnitude system (Landolt, 1992) . We did this by using standard stars in our FoV identified in the catalogue of Photometric Standard Fields (Stetson, 2000) . The transformation equations for each data set are shown in Fig. 1 , where the mild colour dependence of the standard minus the instrumental magnitudes is observed. The scale of the V-axis is the same for all plots with the exception of fainter V21 which is not a cluster member. In the case of V23, the V light curve was taken from Clement & Shelton (1997) . The data for all this light curves have been published in electronic format by Arellano Ferro et al. (2018) .
3 On the reddening of NGC 6171
Earlier estimates of E(B − V) in NGC 6171 span a large range, from 0.25 to 0.46, and were obtained by an assortment of methods (see Table II from Smith & Hesser (1986) for a summary) . For example, using a variety of reddening independent photometric colours favored values between 0.31 and 0.38 (Zinn 1980; Zinn 1985) . The adopted value of E(B − V) in the catalogue of Harris (1996) is 0.33. The largest value of 0.46 has been estimated by van den Bergh (1967) . Incompatibilities of the low reddening value with 100 µm dust emission data (Dutra & Bica, 2000) and between photometric and spectroscopic T eff for cluster giants, have been recently noted (O'Connell et al., 2011) . These authors point out that these inconsistencies can be alleviated if E(B − V) is 0.45 and 0.46 respectively. In an attempt to clarify the above incompatibilities we estimated the reddening for the RRab stars individually using the method explained by Sturch (1966) , according to which these stars have a constant intrinsic color (B − V) o near minimum light, between phases 0.5 and 0.8. This, coupled with the calibration of (V−I) o in this range of phases by Guldenschuh et al. (2005) as (V − I) o,min = 0.58 ± 0.02 mag, allowed us to estimate the individual values of E(V − I) for a sample of RRab stars. These were converted to E(B − V) using the ratio E(V − I)/E(B− V) = 1.259 derived by Schlegel et al. (1998) . The light curves were phased with the periods listed in Table 2 and were adopted from the analysis of Arellano Ferro et al. (2018) . The resulting values for the reddening are listed in the second-to-last column of Table  3 . For V17 we have used minimum values of V and I to calculate (V − I) min as we were constrained by the data gap in 0.5 to 0.8 phases. Ignoring the value for V18, which has a prominent gap near minimum light, we derived an average E(B − V) estimate of 0.45 ± 0.03. This value is in good agreement with those derived using reddening maps and the calibration of Schlegel et al. (1998) , 0.46 ± 0.01. Although one could expect differential reddening in this cluster given its location near the Galactic bulge, there is no evidence of it other than the large scatter in the values of the reddening found by the variety of approaches and samples employed by many authors. In what follows we will adopt the value of E(B − V) = 0.45 and discuss what the consequences of adopting lower values have on the cluster distance, the age and the CMD.
4 The RR Lyrae stars
Fourier decomposition and physical parameters of RR Lyrae stars
Since RR Lyrae stars are the most relevant stars in globular clusters and are good proxies of the stellar evolution on the HB, it is useful to determine their physical parameters Table 2 Data of Variable stars in NGC 6171 in the FoV of our images with the exception of V23 whose light curve in the V filter was taken from Clement & Shelton (1997) . Bl: RR Lyrae with Blazhko effect. 1. Maximum observed amplitude.
2. Not a cluster member Table 3 Fourier coefficients of RRab and RRc stars in NGC 6171 (all in V mag). The numbers in parentheses indicate the uncertainty on the last decimal place. Also listed are the reddening values EBV (E(B − V)) for each individual RRab star calculated from the method used by Sturch (1966) and the deviation parameter Dm. [Fe/H] , log(L/L ), log T eff , mass and radius. This can be achieved by means of the Fourier decomposition of their light curves in V into harmonics and by using semiempirical calibrations that can correlate the Fourier parameters with the physical quantities. The V and I light curves of the RR Lyrae stars are shown in Fig. 2 .
A given light curve of a RR Lyrae star can be represented by the following equation:
where m(t) is the magnitude at time t, P is the period of pulsation, and E is the epoch. In order to calculate the Fourier parameters, a least-squares approach is used to estimate the best fit for the amplitudes A k and phases φ k of the sinusoidal components. The phases and amplitudes of the harmonics in Eq. 1, i.e. the Fourier parameters, are defined as φ i j = jφ i − iφ j , and R i j = A i /A j . Well tested calibrations and zero points have been used systematically by our group over the last few years (Arellano Ferro et al., 2017) . Since other calibrations have been used by other authors, below we list the specific equations used in this work. For metallicity and absolute magnitude of the RRab stars the calibrations of Jurcsik & Kovács (1996) and Kovács & Walker (2001) were employed, respectively:
Note that the calibration for the metallicity is given in the Jurcsik-Kovács scale, but can be transformed to the Zinn-West scale (Zinn & West, 1984) (Jurcsik, 1995) .
For the RRc stars we employed the calibrations given by Morgan et al. (2007) and Kovács & Kanbur (1998) 
The coefficients can be transformed from cosine series phases into sine series via the relation: φ
In Table 3 the Fourier parameters of the RR Lyrae identified in NGC 6171 are listed and in Table 4 the physical parameters derived from the Fourier decomposition are reported. It is worth recalling that the determination of the iron abundance [Fe/H] of the RRab stars is only valid if they comply with the Deviation Parameter or Dm (Jurcsik & Kovács, 1996) not exceeding the value of 3.0. The Dm value for each RRab star is listed in Table 3 in column 11. Since a few stars have Dm only marginally larger, we relaxed the criterion in order to include these stars and have a larger sample. For V8, with Dm = 6.8, its Fourier parameters are reported but were not taken into account when calculating the average of [Fe/H]. Also not included were the variables V5, V6, V7, V12, V16 and V19 since they show Blazhko-like amplitude modulations, and V14 that has an incomplete light curve. Despite V21 being a non-member, we calculated its physical parameters.
The iron abundance in the scale of Zinn & West (1984) Table 4 . With the period, luminosity and temperature known for each RR Lyrae star, its mass and radius can be estimated from the equations: log M/M = 16.907 -1.47 log P F + 1.24 log (L/L ) -5.12 log T eff (van Albada & Baker, 1971) and L = 4πR 2 σT 4 , respectively.
Bailey diagram and Oosterhoff type
The period-amplitude plane for RR Lyrae stars, also known as the Bailey diagram, is shown in Fig. 3 for the VI band passes. Periods and amplitudes are listed in Table 2 . In most cases, we took the amplitudes corresponding to the best fit provided by the Fourier decomposition of the light curves unless there were glaring gaps such as in the case of V14 or where amplitude and phase modulations were significant, like in V5 and V7. In these cases the star was ignored or, in other cases, the maximum amplitude was measured and the star was plotted with a triangle in Fig. 3 . With the exception of these Blazhko variables, the distribution of RRab stars in both VI band passes shows a mild scatter around the OoI locus found by Cacciari et al. (2005) for M3 and by Kunder, Stetson, Cassisi, et al. (2013) for NGC 2808. This confirms the OoI type of NGC 6171. While averaging the periods of the RRab stars, we found < P ab > = 0.53d which also defines NGC 6171 as of the OoI type. None of the RRab stars falls near the evolved sequences, i.e. the segmented loci, thus none of them seems to be clearly ahead in its evolution towards the asymptotic giant branch. V17 was found to have a significant positive secular period change (Arellano Ferro et al., 2018) , expected in stars advanced in their evolution. However, while in the V-band the scatter is larger and it may not preclude V17 from being inconsistent with the evolved stars locus, in the I-band all stable RRab stars are rather consistent with the non-evolved sequence.
The [Fe/H] value of NGC 6171
NGC 6171 is a moderately metal rich cluster of the OoI type. In Table 5 we list various metallicity values found in the literature and the methods used to determine them. We include the results from Fourier decomposition found in this work for comparison. We can see that many of the results come from the spectroscopic metallicity index ∆S defined by Preston (1959) . These values agree well within the uncertainty with the value derived for the RRc stars in the present As a further test, we applied eqs. 2 and 4 to the Fourier parameters published by Clement & Shelton (1997) for the stable members of NGC 6171 and found [Fe/H] ZW -1.31 ± 0.02 and -1.03 ± 0.04 for the RRab and RRc stars respectively, which are very similar to the results from the decomposition of our own light curves in the present work.
We note that the value from the RRc stars is similar to the spectroscopic results.
The Distance to NGC 6171
The estimation of the distance to globular clusters relies heavily upon an accurate determination of the reddening. For NGC 6171 the value of the distance and reddening that was adopted by Harris (1996) are 6.4 kpc and E(B − V) = 0.33 respectively. However, as discussed in § 3, the value of E(B − V) from a large number of independent estimates has been found to have a large scatter. From the average reddening calculated from the minimum colour in RRab stars we have adopted E(B − V) = 0.45.
To estimate the distance to NGC 6171 we made use of four independent methods, all of which yield a consistent value within their respective uncertainties. We describe these methods in the following sections.
From the RR Lyrae stars
For the RR Lyrae stars the values of absolute magnitude M V of each star were employed to calculate individual distances. Since two independent calibrations for RRab and RRc stars for M V were used, then two equally independent values of the distance to NGC 6171 were found; 5.3 ± 0.3 kpc and 5.3 ± 0.2 kpc for the RRab and RRc stars respectively. We stress at this point that the individual values of E(B − V) listed in Table 3 for the RRab stars were employed in the calculations. For the RRc stars, given that we do not know individual reddenings, we adopted the mean from the RRab stars, E(B − V) = 0.45.
An alternative approach is via the P-L relation for RR Lyrae stars in the I filter (Catelan et al., 2004 Table 4 and adopting [α/Fe]=+0.3, we found the average distance < d > = 5.6 ± 0.2 kpc and < d > = 5.4 ± 0.3 kpc respectively, that are consistent with the distance values obtained from the Fourier approach described above. RR Lyrae stars with either Blazhko amplitude modulations (V5, V6, V7, V12, V16, V19), incomplete I light curve (V14, V18), no I data available (V23) or not a member of the cluster (V21), were ignored.
From the SX Phe star
There is only one known SX Phe star in NGC 6171, V26. The period and the intensity weighted < V > and < I > as well as other relevant data for this star are listed in Table  2 . In order to calculate the distance to NGC 6171 from this SX Phe, we adopted the P-L relation for SX Phe stars from Cohen & Sarajedini (2012) for the fundamental mode M v = (−1.64 ± 0.11) − (3.39 ± 0.09) log P f . As we did with the RR Lyrae stars, we also adopted the E(B − V) = 0.45.
The resulting distance to V26 is d = 5.2 ± 0.4 kpc, in agreement with the distance obtained above from the RR Lyrae stars. This confirms that V26 is a fundamental pulsator and a member of the cluster. The position of V26 in the CMD diagram is shown in Fig. 5 . Since there is only one SX Phe, the quoted uncertainty corresponds to the uncertainty associated to the P-L relation.
It is worth noting that the light curve of the SX Phe is very disperse, due to the fact that the star is faint and it is located near the central region of the cluster. We found no traces of a secondary pulsating mode.
The weighted mean of the distance rendered by the above four approaches is 5.4 ± 0.1 kpc. In Table 6 we compare this result with some values from the literature.
The tip of the red giant branch as a distance indicator
The luminosity of the true tip of the RGB (TRGB) can in principle be used to estimate the distance to globular clusters. It has been argued on theoretical grounds that the neutrino magnetic dipole moment enhances the plasma decay process, postpones helium ignition in low-mass stars, and extends the red giant branch, hence the brightest stars in a given cluster may lay below the true TRGB. Viaux et al. (2013) found that the difference for the case of M5 is between 0.04 and 0.16 mag. By a comparison of their noncanonical models with the observed TRGB in 25 clusters, Arceo-Díaz et al. (2015) concluded that in average the theoretical TRGB is some 0.26 bolometric magnitudes brighter than the observed one with a standard deviation of 0.24 (see their Table 5 ).
For the case of NGC 6171, we note from the CMD in Fig. 5 , that the three brightest stars are about 0.98 mag fainter than the theoretical TRGB as calibrated by Salaris & Cassisi (1997) ;
However, it is likely that our photometry for this bright stars is still affected by systematic errors that could not be fully removed by the post calibration described in § 2.2, and hence, the TRGB bends towards lower luminosities, as suggested by the comparison with the isochrones (see § 7 below). Therefore, this approach does not lead to a reliable independent estimate of the cluster distance.
7 The Colour-Magnitude Diagram and the age of NGC 6171
The CMD of NGC 6171 in Fig. 5 was built using the magnitude weighted means of V and V − I of the 3827 measured stars in the FoV of our images. For all variables, the intensity-weighted means < V > and < V > − < I > were used. These were calculated from the Fourier fits of light curves in Fig. 2 and are listed in Table 2 .
In order to confirm that the CMD is consistent with the basic parameters found in this work, i.e. reddening, metallicity and distance we overlaid theoretical isochrones and a Zero Age Horizontal Branch (ZAHB) taken from the Victoria-Regina stellar models of VandenBerg et al. (2014) kindly made available by the authors. For the age of the cluster we refer to differential age estimation by De Angeli et al. (2005) from which an age of 10.98 Gyrs can be inferred for NGC 6171. We adopted the isochrones corresponding to 11.00 Gyrs, and for [Fe/H] = -1.33 (blue) and -1.02 (green) as suggested from the RRab and RRc stars respectively. The ZAHB for [Fe/H] = -1.31 is also shown. These models were reddened by E(B−V) = 0.45 and shifted to the distance of 5.3 kpc and produce a satisfactory match with the observed CMD.
We must stress at this point that, if the alternate values of E(B − V) = 0.33 and distance 6.4 kpc are used, both the isochrones and the ZAHB would be way off to the red of the observed stellar distributions.
The distribution of RRab and RRc in the instability strip on the HB should be noted. Except for V9, the two modes seem to be neatly separated, as it occurs in all OoII type clusters but only in some OoI clusters (Arellano Ferro et al., 2018) . The split border between modes was calibrated by Arellano Ferro et al. (2016) 3, may suggest the presence, to some extent, of differential reddening, which given the Galactic position of the cluster should not come as a surprise.
Let us turn our discussion towards the RRc variable V9, located beyond the red edge of the first overtone of the instability strip. Its position in the CMD is firm given the high photometric quality of the V and I light curves. One possible explanation can be based upon higher reddening than average value. If we consider that the star should be situated somewhere between two RFO's in Fig. 5 , a reddening value higher by 0.08-0.12 than the average reddening would be required to reconcile its location in the CMD. This would imply that the star in the present position is dimmer by 0.25-0.35 magnitude. While advocating the possibility of the presence of differential reddening in NGC 6171, we should refrain from further speculative discussion on this star.
In spite of the above reddening demeanors we consider NGC 6171 as one more example of a very red HB morphology ((B-R)/(B+V+R) = -0.74) OoI cluster with the two pulsation modes well split.
Discussion
In this paper we present the results of the first ever determination of physical parameters of RR Lyrae stars in NGC 6171 by means of Fourier decomposition of their light curves. By performing high-precision photometry we were able to extract the light curves of 3827 stars in our reference image, 20 of which are RR Lyrae, one SX Phe and three Lb variables. Of the three Lb variables, the variability of two is newly announced in this work (V27 and V28).
An estimation of the reddening via the minimum colour of RRab stars suggests a mean value of E(B − V) = 0.45. However, historical determinations of E(B − V) display a large scatter between 0.25 and 0.48. This fact may seem to suggest that some differential reddening may be present. Taking individual reddening values for the RRab stars and an average of 0.45 for the RRc stars, and considering the results from the P-L relations for the RR Lyrae and SX Phe stars, we found an overall average distance of 5.4 ± 0.1 kpc. For the RRab and RRc the metallicities are [Fe/H] ZW −1.33 ± 0.12 and -1.02 ± 0.19 respectively. It is worth noticing that the result from the RRc stars are closer to the spectroscopic results which are indisputably the most accurate and are not affected by the reddening.
The above distance and iron values tend to be to the lower end of the range of previous estimates, as shown in Tables 6 and 7 Ferro et al. (2017) found that the slope of the relationship is different when calculated from RRab and from RRc stars. In Fig. 6 the two trends for the RRab and RRc stars are shown and the corresponding position of NGC 6171 given the values in Table 4 . This shows that despite the difference in the metallicity from the two stellar groups, the present results are consistent with the homogeneous Fourier analysis in a larger sample of globular clusters.
A Comments on individual variables
A.1 V5, V6, V7, V12, V16, V19
All these stars show clear signs of amplitude and/or phase modulations. 
A.2 V10
Although the general distribution of RR Lyrae stars in the periodamplitude plane follows that of an OoI cluster, V10 shows peculiar position despite having a well-defined light curve as noted in § 4.2. Clement & Shelton (1997) find a mild irregularity in the light curve of V10 claiming that its shape is not consistent from cycle to cycle. They attribute this behaviour to a probable Blazhko effect, which would explain the off-trend position of this star and also would make it consistent with the position of variables V12 and V16 in the Bailey diagram. A close inspection of the light curve of V10 published by Arellano Ferro et al. (2018) , indeed seems to indicate a mild amplitude modulation. Arellano Ferro et al. (2018) report that this star is going through a secular period decrease.
A.3 V19 Kovács et al. (1986) noted this star as a double-mode pulsator but the first overtone to fundamental mode period ratio P1/P0 was not found to be the canonical for radial pulsations. Given that the light curve presented in this work is very well defined over the time span of two years, we performed a frequency analysis and we did not detect a significant secondary frequency.
A.4 V21
This RRc star is in fact farther than the cluster as it falls well below the HB in the CMD of Fig. 5 . Its distance, from the calibration described in § 4.1 is 7.8 kpc. The non-member status of this star was first noted by Dickens (1970) and later confirmed by Cudworth et al. (1992) .
A.5 V25, V27 and V28 V25. The variability of this star was reported by Lloyd Evans & Menzies (1973) and Lloyd Evans & Menzies (1977) . They acknowledge that their classification as variable depends only on one V and one I plates. The star was classified as Lb by Clement et al. (2001) in their CVSGC. On the basis of our present data we confirm the irregular long term variable nature of this star and this is shown in Fig. A1 . V27, V28. We report here the variability of these two stars. Like V25, they present long-term irregular variations, hence we classify them as Lb variables. Their light curves are displayed in Fig. A1 . The mean magnitudes and equatorial coordinates of V25, V27 and V28 are given in Table A1 . Their position near the TRGB can be seen in the CMD of Fig. 5 
